We previously reported that overexpression of PODXL, BCL7B, and ARHGEF4 in pancreatic cancer tissue is correlated with pancreatic cancer-related survival. The aim of this study was to investigate the use of PODXL, BCL7B, ARHGEF4, and the integrin family member ITGB1 as useful markers for the prognosis of postoperative pancreatic cancer patients in comparison with tumor size and the tumor node metastasis (TNM) staging system. Immunohistochemistry was performed using an anti-ITGB1 antibody on 102 samples of pancreatic cancer tissue surgically resected at the University of Kochi Medical School Hospital and the Matsuyama Shimin Hospital. Univariate Cox proportional hazards regression analysis showed that TNM stage and overexpression of PODXL, BCL7B, and ITGB1 were correlated with postoperative survival. However, tumor size was not significantly associated with postoperative prognosis of pancreatic cancer compared to these features. Multivariate Cox proportional hazards regression analysis showed that the overexpression of both PODXL and ITGB1 and overexpression of both BCL7B and ITGB1 increased the hazard ratio (6.27, 95% confidence interval [CI] 2.58-15.21; and 3.93, 95% CI 1.74-8.91, respectively) compared to that of TNM stage (IIA and IIB vs. III and IV; 3.05, 95% CI 1.25-7.42). These results imply that the combination of PODXL with ITGB1 and the combination of BCL7B with ITGB1 accurately predicted the postoperative outcomes of pancreatic cancer patients, and they were superior compared to the TNM staging system. The combination of PODXL with ITGB1 would be particularly useful, as it was the most highly correlated with postoperative outcomes. Importantly, the present results are useful to determine which adjuvant therapy should be selected.
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Introduction
Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive tumors, and the prognosis is poor, with 1-and 5-year survival rates of only 20% and 6%, respectively [1, 2] . Complete tumor resection is the only potential treatment for PDAC that results in a complete cure [3] . Since about half of PDAC patients are diagnosed with end-stage disease, 35% with localized unresectable disease, and 20% with potentially resectable disease, surgery is not always suitable [4] . Neoadjuvant therapies for PDAC patients with borderline resectable and locally-advanced disease have been proposed to achieve tumor down-staging to a subsequent potentially resectable tumor [5] . Additionally, postoperative adjuvant chemotherapies improve both PDACrelated and disease-free survival. A phase III trial (PRODIGE24) recently demonstrated that adjuvant chemotherapy with a modified FOLFIRINOX regimen (5-fluorouracil, leucovorin, irinotecan, and oxaliplatin) significantly increases overall survival compared with gemcitabine for 24 weeks after resection of PDAC [6] . However, there are no reliable biomarkers to gauge the response to neoadjuvant and/or adjuvant therapies prior to the initiation of the therapies [7] .
The Union for International Cancer Control (UICC) tumor node metastasis (TNM) staging system for PDAC is currently based on histologically determined tumor size, tumor invasion to the celiac axis and superior mesenteric artery, involvement of regional lymph nodes, and the occurrence of metastatic spread to other organs [8] . The 5-year survival of PDAC patients treated with resection with or without adjuvant therapies is 16-25% for stage IIA and 8-10% for stage IIB [9] , indicating that PDAC treated at stage IIA has better outcomes compared to that at stage IIB. Moreover, a PDAC size >20 mm correlates with postoperative outcomes and is an independent predictor of poor postoperative prognosis [9] . Thus, the UICC TNM staging system for resected PDAC is a useful predictor of postoperative prognosis, but more reliable prognostic predictors that can discriminate PDAC patients with stage IIA and IIB into two prognosis groups (longer disease-free survival and/or better PDAC-related survival vs. shorter disease-free survival and/or poor PDAC-related survival) are necessary for clinical decisionmaking.
We previously reported that knockdown of the podocalyxin-like protein (PODXL), B-cell CLL/lymphoma 7B (BCL7B), and Rho guanine nucleotide exchange factor 4 (ARHGEF4) by small interfering RNAs inhibits the in vitro motility and invasiveness of PDAC cells by decreasing cell protrusions [10, 11, 12] . Overexpression of PODXL, BCL7B, and ARHGEF4 in PDAC tissue is significantly correlated with postoperative prognosis [10, 11, 12] . Integrin β1 (ITGB1) mRNA binds to insulin-like growth factor-2 mRNA-binding protein 3 (IGF2BP3) in PDAC cells [13] . Locally translated IGF2BP3-bound mRNAs in PDAC cell protrusions induce the formation of those protrusions, thereby promoting invasiveness and metastasis [13, 14] . Thus, these reports suggest that ITGB1 protein concentrated in protrusions may promote the cell motility and invasiveness of PDAC cells.
In the present study, we investigated the use of PODXL, BCL7B, ARHGEF4, and ITGB1 as useful markers for the prognosis of postoperative PDAC patients in comparison with tumor size and the TNM staging system. We showed that a combination of PODXL with ITGB1 and a combination of BCL7B with ITGB1 predicted the postoperative outcomes of PDAC patients better than tumor size and the TNM staging system.
Results

ITGB1 expression in PDAC tissue samples
Immunohistochemical analysis showed that ITGB1 was present in all 102 PDAC cases, and scores of immunostaining were classified into a low-expressing ITGB1 group (67.6%, Fig 1A) and high-expressing ITGB1 group (32.4%, Fig 1B) (Table 1) . Although the islets of Langerhans in normal pancreas were stained with anti-ITGB1 antibody as well as those in PDAC tissues, ITGB1 staining was not found in normal pancreatic ducts (Fig 1C) . Similarly, an association analysis of PDAC tissue and normal organ tissues including kidney, liver, lung, and pancreas using the Metabolic gEne RApid Visualizer (MERAV; http://merav.wi.mit.edu/) [15] showed that ITGB1 mRNA was markedly upregulated in PDAC tissue (Fig 1D) .
Associations of ITGB1 overexpression with clinicopathological factors and with prognosis
Of 102 PDAC patients, 86 had received adjuvant chemotherapy with gemcitabine or S-1, or radiation therapy or chemoradiation therapy after resection of the PDAC (Table 1 ). There was no significant correlation found between adjuvant therapy and PDAC patient prognosis (S1 Fig and S1 Table) .
The association of ITGB1 expression levels in PDAC tissue with clinicopathological variables is shown in Table 2 . No significant clinicopathological variables were correlated with the ITGB1 expression level.
Kaplan-Meier curves showed that the postoperative survival time for PDAC patients with ITGB1 overexpression was significantly shorter than that of PDAC patients with low ITGB1 expression (P < 0.001; Fig 2, S2 Table) . We examined the prognostic value of ITGB1 expression in subgroups stratified by UICC TNM stage, age, gender, tumor size, differentiation grade, lymphatic invasion, venous invasion, and intrapancreatic nerve invasion. Univariate Cox regression analysis revealed that UICC TNM stage, high ITGB1 expression, tumor size, and venous invasion served as independent prognostic factors (Table 3) . Furthermore, multivariate analysis revealed that UICC TNM stage and high ITGB1 expression were independent factors of worse PDAC-related survival (Table 3 ). These results suggested that ITGB1 is an independent predictor of worse postoperative survival of PDAC.
Ability of PODXL, BCL7B, ARHGEF4, and ITGB1 to predict prognosis compared to UICC TNM stage and tumor size
We investigated the abilities of PODXL, BCL7B, ARHGEF4, and ITGB1 to predict prognosis in PDAC in comparison with UICC TNM stage and tumor size. The PDAC-related survival time for postoperative PDAC patients according to UICC TNM stage is shown in Fig 3, and UICC TNM stage did predict the prognosis of PDAC patients. To analyze the ability of PODXL, BCL7B, ARHGEF4, and ITGB1 to predict postoperative prognosis, we used the immunostaining scores of PODXL, BCL7B, and ARHGEF4 in the present 102 PDAC tissue samples that we previously reported [10, 11, 12] . Univariate analysis using Cox proportional hazards regression analysis showed that the accuracy of the immunostaining scores of PODXL, BCL7B, ARHGEF4, and ITGB1 to predict prognosis was almost the same as that of UICC TNM staging and better than that of tumor size (HR: 2.89, 95% CI: (Table 4) . Multivariate analysis using a backwards and a forwards selection procedure showed that the final model included UICC TNM stage, PODXL, BCL7B, and ITGB1, which were the most independent variables that predicted prognosis accurately ( Table 5) .
Ability of the combination of PODXL, BCL7B, and ITGB1 to predict prognosis of all PDAC patients Among PODXL, BCL7B, ARHGEF4, and ITGB1, we investigated the potential of using a combination of two proteins for prediction of prognosis in resected PDAC in comparison with each of PODXL, BCL7B, ARHGEF4, ITGB1, UICC TNM stage, age, gender, tumor size, differentiation grade, lymphatic invasion, venous invasion, and intrapancreatic nerve invasion. The variable selection procedure showed that the final model included UICC TNM stage, the combination of PODXL with ITGB1, and the combination of BCL7B with ITGB1 (Table 6) . PODXL, BCL7B, ARHGEF4, ITGB1, or tumor size were not included in the final model of the multivariate analysis. The abilities of the combination of PODXL with ITGB1 and of the (Table 6 ). Kaplan-Meier curves confirmed that overexpression of both PODXL and ITGB1 (n = 16, including 7 patients at stage IIA, 8 patients at stage IIB, and 1 patient at stage IV) and overexpression of both BCL7B and ITGB1 (n = 16, including 5 patients at stage IIA, 9 patients at stage IIB, and 2 patients at stage IV) accurately predicted the prognosis of the resected PDAC patients (P < 0.001; Fig 4A and 4B) . The 3-year and 5-year survival rates of UICC TNM stage III and IV were 16.7% (95% CI: 3.0-99) and 0% ( Table 7) . The 3-year survival rate of the highexpressing group of both PODXL and ITGB1 was 0%, and that of the low-expressing group was 41.2% (95% CI: 31.6-53.6) ( Table 7 ). The 5-year survival rate of the low-expressing group of both PODXL and ITGB1 was 30.4% (95% CI: 21.4-43.1) ( Table 7 ). The 3-year survival rate of the high-expressing group of both BCL7B and ITGB1 was 0%, and that of the low-expressing group was 41.8% (95% CI: 32.1-54.4) ( Table 7 ). The 5-year survival rate of the low-expressing group of both BCL7B and ITGB1 was 30.8% (95% CI: 21.8-43.7) ( Table 7) . The median survival times of UICC TNM stage III and IV, the high-expressing group of both PODXL and ITGB1, and the high-expressing group of both BCL7B and ITGB1 were 13 months (95% CI: 12-NA), 13 months (95% CI: 10-16), and 13 months (95% CI: 12-21), respectively (Table 7) . These results suggest that the combination of PODXL with ITGB1 is the best predictor of postoperative outcomes for PDAC patients.
Ability of the combination of PODXL, BCL7B, and ITGB1 to predict prognosis of PDAC patients at UICC TNM stage IIA and IIB
We focused on the ability of these combinations to predict the postoperative prognosis of PDAC patients at UICC TNM stage IIA and IIB. There were no differences in postoperative survival times between PDAC patients at stage IIA and PDAC patients at stage IIB (Fig 5A) . Kaplan-Meier curves showed that the combination of PODXL with ITGB1 and the combination of BCL7B with ITGB1 significantly correlated with surgical outcomes and poor prognosis in UICC TNM stage II PDAC patients (P < 0.001; Fig 5B and 5C ). The median survival times of the high-expressing group of both PODXL and ITGB1 at UICC TNM stage II and other PDACs at UICC TNM stage II were 13 months (95% CI: 10-16) and 27 months (95% CI: 24-36), respectively ( Table 8 ). The median survival times of the high-expressing group of both BCL7B and ITGB1 at UICC TNM stage II and other PDACs of both BCL7B and ITGB1 at UICC TNM stage II were 13 months (95% CI: 12-22) and 29 months (95% CI: 25-36), respectively (Table 8 ). These results suggest that the combination of PODXL with ITGB1 and the combination of BCL7B with ITGB1 are useful to predict the postoperative outcomes of PDAC patients at UICC TNM stage IIA and IIB.
Discussion
The present study showed that high ITGB1 expression is closely associated with poor prognosis of resected PDAC patients, similar to what has been previously published regarding PODXL and BCL7B [10, 11] . The immunohistochemical scores of ITGB1 were not statistically correlated with the clinicopathological variables, but univariate and multivariate Cox regression analyses revealed that high ITGB1 expression was an independent predictor of worse survival outcomes. Consistent with our results, high ITGB1 expression is significantly associated with poor outcomes as well as progression and metastasis in PDAC [12, 16, 17, 18] . Our results Independent predictors of poor prognosis of resected pancreatic cancer indicate that ITGB1 may be a determinant of poor prognosis of PDAC patients that is functionally associated with cell migration, invasion, and/or metastasis. UICC TNM stage IIB is the most common, and the majority of stage IIB PDAC patients undergo surgery [19, 20] . The population of PDAC patients at UICC TNM stage IIB is almost half of all patients, and PDAC patients at stage IIA and IIB were 79.5% of the total in this study. We have seen that for a small portion of patients at stage IIA and IIB, surgical removal of PDAC tumors leads to full recovery, while for most patients at stage IIA and IIB, disease recurrence and metastasis occur regardless of adjuvant therapy. In this study, there were no differences in postoperative survival times between PDAC patients at stage IIA and patients at stage IIB (Fig 5A) , and the prognosis at stage IIA and IIB was relatively poor; the 3-year and 5-year survival rates at stage IIA and IIB were 29.3% and 21.0%, respectively ( Table 7) . The UICC TNM staging system determines the requirement for adjuvant therapy after surgical resection of PDAC tumors. Finding prognostic predictors that can discriminate PDAC patients with stage IIA and IIB into two prognosis groups (longer disease-free survival and/or better postoperative survival vs. shorter disease-free survival and/or poor postoperative survival) is necessary to consider suitable adjuvant treatment. As shown in Fig 5 and Table 8 , the high immunohistochemical scores of the combination of PODXL with ITGB1 and the combination of BCL7B with ITGB1 effectively discriminated PDAC patients at stage IIA and IIB; postoperative median survival times of the high-expressing group of both PODXL and ITGB1 and the high-expressing group of both BCL7B and ITGB1 were relatively short compared to the corresponding low-expressing groups. Independent predictors of poor prognosis of resected pancreatic cancer
There was no significant correlation found between adjuvant therapy and PDAC patient prognosis in this study. It is notable that the combination of PODXL with ITGB1 and the https://doi.org/10.1371/journal.pone.0217920.t007
Independent predictors of poor prognosis of resected pancreatic cancer combination of BCL7B with ITGB1 accurately predicted the postoperative outcomes of pancreatic cancer patients with or without adjuvant therapies. Several major adjuvant treatments including chemotherapy, chemoradiation, and chemotherapy plus chemoradiation have been used for more than thirty years. The JASPAC-01 trial performed in Japan showed that adjuvant oral fluoropyrimidine (S-1) chemotherapy improves overall survival compared to other chemotherapy regimens, including gemcitabine, and does not increase toxic side effects [21] . Adjuvant chemotherapy with S-1 is currently the standard care for resected PDAC in Japan. A https://doi.org/10.1371/journal.pone.0217920.g005
Independent predictors of poor prognosis of resected pancreatic cancer clinical study (ESPAC-4) determined that adjuvant chemotherapy with gemcitabine plus capecitabine (an oral fluoropyrimidine) significantly increases overall survival compared with gemcitabine alone after resection of PDAC for Western patients [22] . A clinical study (CONKO-005) indicated that adjuvant gemcitabine plus erlotinib (an EGFR inhibitor) does not improve overall survival in patients with R0 PDAC resections [23] . A network meta-analysis reported that adding radiation to chemotherapy has no significant improvement on overall survival [24, 25] . On the other hand, a multicenter retrospective study reported that 5-year overall survival is 41.2% in postoperative PDAC patients (classified as T1-4, N0-1, or M0) treated with adjuvant chemoradiation compared with 25.7% in patients treated with adjuvant chemotherapy alone [26] . Since there is hope for adjuvant chemoradiation, further prospective studies should clarify if it is beneficial. Therefore, the development of adjuvant therapeutic approaches that are more beneficial than S-1 and gemcitabine plus capecitabine, which are currently the most effective adjuvant therapies for PDAC, is important to increase the survival rates of stage IIA-IIB PDAC patients. Since the present study indicated that postoperative prognosis of stage IIA-IIB PDAC patients with overexpression of both PODXL and ITGB1 and stage IIA-IIB PDAC patients with overexpression of both BCL7B and ITGB1 is extremely poor, immunohistochemical scores of PODXL and ITGB1 and those of BCL7B and ITGB1 could be used as reliable biomarkers of the response to adjuvant therapies prior to their initiation.
In conclusion, the combination of PODXL with ITGB1 and the combination of BCL7B with ITGB1 accurately predicted the postoperative prognosis of PDAC patients better than tumor size and the UICC TNM stage. The combination of PODXL with ITGB1 and the combination of BCL7B with ITGB1 can discriminate PDAC patients with worse prognosis at stage IIA-IIB. Patients with PDAC tumors that overexpress both PODXL and ITGB1 and/or both BCL7B and ITGB1 should be considered for suitable adjuvant treatment. When adjuvant therapeutic approaches that are more beneficial than S-1 and gemcitabine plus capecitabine are available, PDAC patients, especially those at stage IIA-IIB who are predicted to have worse prognosis, should be treated with more beneficial adjuvant therapies to increase the survival rate.
Materials and methods
Primary human PDAC samples
Resected PDAC tumor tissue was obtained from 102 patients during 1999-2014 at the Department of Surgery of Kochi Medical School Hospital (Nankoku, Japan) and Matsuyama Shimin Hospital (Matsuyama, Japan), as published previously [19] . No PDAC patients underwent neoadjuvant therapies. Of these patients, 86 had received adjuvant chemotherapy with 
Immunohistochemical staining
Immunohistochemistry was performed using an anti-ITGB1 antibody (bs-0486R; Bioss, Woburn, MA) as published previously [10, 11] . The score of immunostaining was evaluated by two independent observers (SN and MF) who were blinded to the clinical and outcome data. The staining intensity was scored as: 1, weaker than the intensity of the surface staining of the islets of Langerhans; 2, equal to the intensity of the islets of Langerhans; 3, stronger than the intensity of the islets of Langerhans. The proportion of tumor cells was graded from 1 to 3: 1 (<50%), 2 (50-80%), and 3 (>80%). A total immunohistochemical score was calculated by summing the percentage score and the intensity score. The expression levels were classified into two groups based on the total score (low group, 2-3; high group, 4-6) with reference to previous reports [19, 29] .
Association analysis of ITGB1 between pancreatic tumor tissue and normal organ tissues
ITGB1 expressions between pancreatic tumor tissue and normal organ tissues including kidney, liver, lung, and pancreas were compared using MERAV [15] .
Statistical analysis
All statistical analyses were performed using R (version 3.3.3; The R Foundation, Wien, Austria) with the packages "KMsurv", "rms", and "survival" as published previously [19] . Fisher's exact test and Chi-squared test were used to assess the correlation between ITGB1 expression levels and clinicopathological parameters. The analysis was timed to PDAC-related death. Factors as potential markers of prognostic significance included: age, gender, UICC TNM classification, degree of differentiation, lymphatic invasion, venous invasion, intrapancreatic nerve invasion, tumor size, and the immunohistochemical scores of PODXL, BCL7B, ARHGEF4, and ITGB1. We used arbitrary UICC stage categories (0, IA, IB vs. IIA and IIB vs. III and IV), clinical degree of differentiation categories (PanIN [30] and well-differentiated PDAC vs. moderately and poorly-differentiated PDAC), invasion strength categories (0 and 1 vs. 2 and 3), and tumor size (< 2 cm vs. 2.0 cm-3 cm vs. > 3.0 cm). Estimates of survival probabilities were performed by the Kaplan-Meier method. Univariate and multivariate analyses for the chosen explanatory variables were performed using the Cox proportional hazards (PH) regression model. Adjusted and unadjusted hazard ratios (aHR and HR) and 95% confidence intervals (95% CI) were given. The first prognostic model was chosen using a backwards and a forwards selection procedure for Akaike's Information Criterion (AIC) with the factors as potential markers. Martingale residuals were used to evaluate nonlinearity for age. Tests based on Schoenfeld residuals were used to evaluate violations of the assumption of PH in the multivariate models [31] . By testing of the assumption PH, we used a second model with factors of the first model and interactions for intrapancreatic nerve invasion and the immunohistochemical scores of PODXL, BCL7B, ARHGEF4, and ITGB1. P values < 0.05 were considered significant and are indicated by asterisks in the figures. 
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